Introduction
[2] A leading challenge in aeolian geomorphology is understanding the influence of vegetation structure on total horizontal aeolian sediment flux, Q (kg m À1 s
À1
) [Musick and Gillette, 1990; Musick et al., 1996; Wolfe and Nickling, 1996; Belnap and Gillette, 1998; Lancaster and Baas, 1998; Okin and Gillette, 2001; King et al., 2005; Peters et al., 2006; Li et al., 2007; Li et al., 2009; Okin et al., 2009] . Because vegetation structure influences flow regimes, shear stress, and surface erodibility [Shao, 2000] , the absence of vegetation raises the potential for increased Q [Marshall, 1971; Raupach, 1992; Lancaster and Baas, 1998 ]. Likewise, dust emissions to the atmosphere are proportional to the horizontal flux of saltating grains, aerodynamic entrainment, and aggregate disintegration at the surface, with proportionality related to the structure and texture of the underlying soil , Shao et al., 2011 . Therefore, land use activities that alter the cover or 3-dimensional structure of desert vegetation pose a challenge to resource managers seeking to maintain soil stability and limit air pollution. Of particular concern are land use practices that contribute to woody encroachment of grasslands [Schlesinger et al., 1990] , destroy biological soil crusts [Belnap, 1995] , or otherwise lead to conditions of increasing shear velocity at the soil surface.
[3] In desert systems prone to high winds and friable soils, vegetation structure must be actively managed, through either direct (e.g., seeding of grass and fire treatments) or indirect methods (e.g., modification of grazing intensity and management of groundwater depth). For management to be successful, methods are needed for predicting Q from a limited number of observations. In empirical models, these observations are used to develop statistical relationships between vegetation structure and Q, both measured in natural settings. Once constructed, empirical models might be used for quick assessment of site conditions and for estimating the potential for future erosion. Careful use of process-based models, on the other hand, requires observations of both soil and vegetation properties but has the potential to reveal how these properties influence Q. Here, the choice of how to represent vegetation structure and distribution can be informed by empirical models as the choice appears in part to determine model success.
[4] Parameters that quantify the average profile area of vegetation (per unit ground area) encountered by the wind (e.g., "lateral cover" [Marshall, 1971; Raupach, 1992; Raupach et al., 1993; Marticorena and Bergametti, 1995; Musick et al., 1996; Wolfe and Nickling, 1996; Marticorena et al., 1997; Dong et al., 2001] ) have long been considered useful for estimating the shear velocity at the soil surface. Although there is evidence that the configuration of vegetation and other roughness elements has a limited impact on wind erosion [Brown et al., 2008] , recent work suggests otherwise. The spatial distribution of vegetation elements (e.g., vegetation clumping and connectivity of bare soil patches) is expected to have a strong effect on wind erosion, reflecting the fact that shear velocity is spatially variable across a vegetated surface [Okin, 2008; Okin et al., 2009] . Okin [2008] compared the theoretical underpinnings of the Raupach model [1993] (based on lateral cover) to a new model that uses scaled gap size ( L=h , average gap size divided by average vegetation height) to represent vegetation structure. By representing bare soil surfaces as a probabilistic distribution of gaps of a certain size, Okin [2008] suggested that Q is more sensitive to vegetation structure and distribution than to vegetation (lateral) cover [see also Okin et al., 2006] . However, the Okin model has yet to be tested in a variety of settings using field observations collected for this purpose.
[5] In this paper, we evaluated a suite of vegetation parameters identified from the literature [Marshall, 1971; Okin, 2008; Breshears et al., 2009 ] including those described above, for their capability to explain variability in Q across a shrubland to grassland gradient within groundwater-dependent vegetation in the Owens Valley, California. Although extensive work has explored dust emission from Owens dry lake [Goudie and Middleton, 1992; Cahill et al., 1996; Gill, 1996; Reheis, 1997 Reheis, , 2006 Gillette et al., 2001] , to the best of our knowledge, this study is the first to measure and analyze Q in vegetated portions of the valley to the north of the exposed lake bed (Figure 1 ). Vegetation cover and Figure 1 . The plots where BSNE stems were installed across the Owens Valley in alkali meadow identified using the vegetation survey of 1986 [James et al., 1990] . There are two meterological towers located in the southern half of the valley and one located in the north (squares). The background is a Landsat TM image from 8 September 1992. structure in Owens Valley has been adversely affected by groundwater pumping over the past several decades [Elmore et al., 2003 [Elmore et al., , 2006 [Elmore et al., , 2008 . Mata-Gonzalez et al. [2012] looked at microtopograpic effects, which can be created by wind or water erosion. The finding that shrubs are more often located on relatively high locations is consistent with the idea that shrubs trap sediment carried by wind from bare soil areas. Today, groundwater pumping is actively managed using, to some extent, observations of change in vegetation structure, making this a useful study system for developing tools that model Q across vegetation gradients that correlate with groundwater depth and history. Further, the importance of groundwater-dependent systems as sources of atmospheric dust emission has recently been highlighted [Reynolds et al., 2007] , adding additional motivation for understanding these systems. We intend the results of this work to lend insight into future model development and testing as well as into the development of sustainable management plans.
Methods

Study Site
[6] Owens Valley is a semiarid endorheic basin in California situated between the Sierra Nevada and the White-Inyo mountain ranges, receiving a median precipitation of 0.13 m annually. Snowmelt from the Sierra Nevada results in 5.8 Â 10 8 m 3 -6.3 Â 10 8 m 3 annual runoff that recharges groundwater and surface water in the Owens River drainage basin. Originally, these waters flowed to the Owens Lake located at the southern terminus of the Owens River Basin [Hollett et al., 1991; Danskin, 1998 ]. Due to annual recharge, the groundwater table is close to the surface across much of the Owens Valley floor supporting the shallow-rooted alkali meadow vegetation community [Sorenson et al., 1991; Elmore et al., 2003 Elmore et al., , 2006 . Saltgrass (Distichlis spicata (L.) Greene) and alkali sacaton (Sporobulus airoides Torr.) are characteristic grass species of alkali meadow and form dense grasslands in areas where the water table is within 1.5 m of the soil surface [Sorenson et al., 1991] . Alkali meadow also contains shrub species, such as greasewood (Sarcobatus vermiculatus), Nevada saltbush (Atriplex lentiformis ssp. torreyi), and rubber rabbitbush (Ericameria nauseosa), which occur in areas with deeper, but still accessible, groundwater [Sorenson et al., 1991] .
[7] In 1913, the city of Los Angeles (LA) built the LA Aqueduct and diverted the Owens River contributing to the complete desiccation of Owens Lake around 1920. Subsequent dust storms in Owens Valley lead to non-compliance with National Ambient Air Quality Standards (NAAQS) for airborne particulate matter (PM 10 ) [Reheis et al., 2009] . Although restoration work on Owens Lake has begun to mitigate dust emissions, (document available from the U.S. Environmental Protection Agency (http://epa.gov/region09/ air/owens/pmplan.html#52507)), increasing pressure on groundwater resources in the northern portions of the valley has led to the drying of springs and seeps [Danskin, 1998] and changes in regional vegetation [Elmore et al., 2003] . In particular, during the California drought from 1987 to 1992, LA increased groundwater pumping, lowering the water table below the root zone of alkali meadows in much of the valley, causing the decline of grass cover, shrub encroachment, and exposing bare soil areas [Elmore et al., 2006 [Elmore et al., , 2008 . Due to fluctuations in groundwater depth in some areas (but not all), the cover and spatial structure of vegetation within alkali meadow are highly variable. Although the largest source of dust emission is from Owens dry lake, the similarities between the soils (e.g., puffy salt crusts that are highly susceptible to wind erosion [Reynolds et al., 2007] ), shallow groundwater tables, and geologic history of the Owens dry lake and alkali meadow [Orme and Orme, 2008] suggest that alkali meadow soils would be susceptible to wind erosion wherever bare soil is exposed [Saint-Amand et al., 1987] .
Plot Selection
[8] Our analysis focused on 13 plots (10,000 m 2 each) that were monitored for three years: 2008, 2009, and 2010 . Plot selection focused on covering a range in vegetation structure, from shrubs separated by bare soil, through shrubs separated by meadow, to continuous meadow. Based on research linking vegetation structure and groundwater [Elmore et al., 2003 [Elmore et al., , 2006 , we found it possible to use spatial and recent temporal variation in groundwater depth to capture the needed variability in vegetation structure. However, we also required that groundwater be sufficiently close to the surface to justify a characterization of "groundwater dependent" and the soil characteristics associated with shallow groundwater dominated systems (generally thought of as requiring groundwater within 5 m of the surface [Reynolds et al., 2007] ). Although cattle grazing occurs across the entire study area, data on spatial variability in grazing intensity are unavailable, and we were forced to work under the assumption that grazing had a similar impact on vegetation structure across all plots. To enable the establishment of plots along the required gradient in vegetation structure, plots were identified that were (1) within 100 m of a long-term monitoring well with recorded groundwater depths since 1986 (measured in April of each year); (2) located within alkali meadow, as identified by a 1986 vegetation survey [James et al., 1990] ; and (3) within soil identified as mollisol or aridisol in the Soil Survey Geographic Database (SSURGO) [Soil Survey Staff, 2006] . Sixteen plots were initially selected in these areas. However, in 2008, destruction of three plots by cattle that had not been removed at the time of sediment trap installation reduced the number of study plots to 13 (Figure 1 ). We did not re-deploy at these three sites in 2009 or 2010. At eight of the 13 plots, Aubault [2009] performed soil texture analyses.
Field Measurements
[9] At each plot, Q was measured using four Big Spring Number Eight (BSNE) sediment traps (Custom Products and Consulting, Big Spring, TX) placed on a 1 m pole at heights of 0.1, 0.2, 0.5, and 1 m. This arrangement will henceforth be called a BSNE stem. BSNE stems were installed for three seasons (May to September 2008 , 2009 within each plot. Although dust emission during the winter might be significant [Saint-Amand et al., 1987] , we avoided this season due to the pervasive presence of cattle over-wintering across most of the Owens Valley floor. During the summer, cattle are typically moved to higher elevation grazing lands. Although cattle likely influence vegetation structure, we know from previous research that groundwater decline is the main source of vegetation structure change [Elmore et al., 2003] . Also, we do not believe that cattle changed the vegetation structure considerably during the study period because the mean vegetation structure at each plot was not significantly different across years, and we saw no evidence that there was between-plot variation in grazing intensity to the degree that it influenced vegetation structure at one plot more than another. In 2008, we placed a BSNE stem at each plot in a location characterized by either grass or a bare soil. In 2008 and 2009, we did not find differences in the amount of sediment collected between grass and bare soil locations (suggesting low within-plot variability in Q and sediment sources from outside the immediate vicinity of the BSNE stem). Therefore, in 2010, we placed all BSNE stems in bare soil locations. The reason the location did not effect the sediment collected was because the sediment in each of the traps was from a wider area than where the BSNE stem was placed. The average diameter of bare soil around the BSNE stems was approximately 3.16 m in 2008 , 4.41 m in 2009 , and 5.23 m in 2010 . In 2009 , two BSNE stems were placed at two of the plots to explore spatial variation in Q, and tiles were placed around the BSNE stem at each plot to prevent vegetation growth around the lowest trap that might prevent trap movement and obstruct the inlet (something that occurred at plots 1, 4, 7, 10, 20, and 25 in 2008) . BSNE stems were not placed within 1 m of shrubs. The height of each trap was measured from the ground surface to the bottom of the inlet. The mass of the sample collected in each trap was divided by sampler inlet area and the duration of collection time, q(z) (kg m À2 s
À1
). The results from each trap were fit to an exponential equation that was integrated from the ground surface to 1 m to estimate Q (kg m À1 s
) [Shao and Raupach, 1992; Gillette, 1997] . The Q was adjusted to account for the known efficiency of the BSNE stem, 90% AE 5% [Shao et al., 1993] .
[10] Vegetation cover, gap distribution, and vegetation height for each plot were determined using four 50 m line intercept transects run in cardinal directions from the BSNE stem [USDA and NRCS, 2004] . For each transect, alongtransect width (greater than 0.03 m), species, height of vegetation (greater than 0.08 m), and along-transect width of bare soil patches (greater than 0.03 m) were measured. Despite the imposed detection limit in vegetation height, we found that even the shortest vegetation elements were taller than 0.08 m. The vegetation height was measured using a regulation Frisbee W with a hole carved into the center through which a wooden meter stick could be threaded. The meter stick was placed in each individual plant along the transect, and the Frisbee W was dropped vertically with the meter stick penetrating the hole in the disk. The top of the plastic disk at its stopping location was recorded as the vegetation height. Vegetation transects were conducted in May of 2008, 2009, and 2010 during BSNE stem deployment.
[11] Meteorological data were measured at three locations across Owens Valley (Figure 1 ). Wind velocities were measured in 2009 and 2010 using five tower-mounted anemometers positioned above the ground at 0.5, 1, 2, 5, and 10 m (wind velocity height used to estimate U). In 2008 at the two southern towers, wind velocity was only measured at 10 m. Average wind velocities were recorded every 10 min on the two southern towers and every 5 min on the northern tower. Data from an air temperature and humidity sensor mounted at 2 m were collected every 3 s and averaged at 10 min intervals at the two most southern towers. These measurements were collected over the duration of each sampling period in 2008, 2009, and 2010 . Precipitation measurements were collected by the Los Angeles Department of Water and Power and the Inyo County Water Department at rain gauges across Owens Valley.
[12] Threshold shear velocity (u Ã t ) is the minimum shear velocity that generates the force required to begin moving particles on bare soil generating Q (Table 1) [Belnap and Gillette, 1998 ]. When shear velocity is less than u Ã t , there is no sediment movement. u Ã t can be measured directly using a wind tunnel (this method is expensive and logistically difficult [Li et al., 2009] ) or by using a particle sensor attached to a tower fitted with anemometers [Lancaster and Baas, 1998 ]. We were not able to use either of these methods at our plots; therefore, we estimated u Ã t using (1) a relationship between soil texture and u Ã t identified from the literature [Gillette et al., 1980 [Gillette et al., , 1982 Cahill et al., 1996; Gillette and Passi, 1988] , and (2) a relationship between surface strength and u Ã t [Li et al., 2010] .
[13] The threshold shear velocity of bare soil (u Ã t field ) was estimated by firing a spherical copper pellet (0.0045 m diameter BB) into the bare soil surface at 45 using a 760 Pumpmaster air gun with a muzzle height of 0.15 m (following methods described by Li et al. [2010] ). For each plot, a 50 m tape was run in a cardinal direction from the BSNE stem, and a BB was shot every 5 m. The BB holes were typically elliptical, and the area of the hole (m 2 ) was calculated using the maximum diameter and a line perpendicular to the maximum diameter. In addition, a pocket penetrometer (QA Supplies, FT011) applied at 45 to the soil surface was used to measure the resistance of the soil surface [Li et al., 2010] . Working with desert soils at lands near Moab in SE Utah, Li et al. [2010] calculated u Ã t field using a linear relationship with the area of the hole produced by the BB (BB; Li et al. [2010] uses BB area ) and the force for the penetrometer to puncture the soil surface (F; Li et al. [2010] uses Penetrometer), and u Ã t field (Table 1) .
[14] We used this method and applied equation (1) to soils at our plots in 2009. Although there might have been changes in u Ã t annually, there were no detectable differences in depth to water, gap size, or vegetation structure. Therefore, we do not find it likely that u Ã t changed across the three study years.
Remote Sensing of Vegetation Cover
[15] We acquired Landsat ETM+ images in September 2008 September , 2009 September , and 2010 to estimate the fraction of photosynthetic vegetation (%PV) at each site using linear spectral mixture analysis [Elmore et al., 2000] . These data were previously validated against field measurements of leaf area along 33 permanent transects and found to be accurate to within AE4.0% PV (absolute percent cover units) and are therefore useful for a variety of land use and land cover change investigations [Elmore et al., 2003 [Elmore et al., , 2006 . We sampled %PV cover at each plot from these raster data sets and calculated three different %PV statistics: single pixel, nine-pixel mean, and the standard deviation of the nine pixels, at and around each plot.
Field-Measured Parameters
[16] We evaluated the capability of six different vegetation parameters to explain variation in Q: lateral cover (l) (1.3 Â 10 À5 to 0.18), concentration of roughness elements (C r ) (4.7 Â 10 À2 to 11), percent cover of woody vegetation (%W c ) (6.1% to 79%), percent cover (%C) (23% to 96%), average gap size ( L) (0.20 m to 3.9 m), and scaled gap size ( L=h) (1.8 to 10) ( Table 1 ). All vegetation parameters were chosen from literature and were calculated from the described field observations.
[17] Lateral cover (l) was chosen as a parameter because it has been used to define vegetation structure in wind erosion research since Marshall [1971] . l is the plant area observed in profile encountered by the wind as it flows over the surface. Due to the difficulty of calculating a true lateral cover parameter from transect data, we used an equation from Okin [2008] that relates lateral cover to average gap size ( L) with the following formula:
where A P is profile area of the plant, A B is the basal area, W À is the average plant width, and L is the average gap size. We calculated A P assuming plant profiles resemble an ellipse defined by plant height and plant diameter along the transect, which we measured in the field. The basal area was estimated by assuming plants resemble a circle (as viewed from above) with a radius equal to half the shrub diameter.
[18] Percent woody cover (%W c ) was chosen for two reasons: (1) variation in woody vegetation amount and density was immediately apparent across our plots, and (2) shrublands generally exhibit elevated Q over grasslands [Breshears et al., 2009] . %W c was calculated as the fraction of ground covered by the characteristic shrub species, live and dead.
[19] Fryrear [1985] found that any type of roughness element (e.g., soil clods and plant litter) decreased wind erosion on bare soil. Therefore, we chose to use the vegetation parameter percent cover (%C) to represent the total amount of roughness elements in an area. %C was estimated by calculating the percentage of vegetation and litter covering all transects compared to bare soil area.
[20] The aforementioned vegetation parameters focused primarily on quantifying the vegetation amount (%W c and %C) and arrangement in the landscape (l and C r ). However, bare soil is the erodible substrate; therefore, the following parameters focus on estimating the area of susceptible bare soil to wind erosion: average gap size L ð Þand gap size scaled 
This is the probability that any point is a distance, x, from the nearest upwind plant of height, h.
Unitless
This is the probability that any point is a certain distance, x/h, at wind speed U. 
L is calculated as the average distance between shrubs and grass plants along transects. L=h, where h is the average plant height in transects, accounts for the fact that the length of the wake downwind of a plant depends upon the plant height [Okin, 2008] .
Statistical Analysis
[21] Using an ANOVA with Tukey Honestly Significant Difference (HSD), we examined whether there were differences between Q and vegetation parameters collected annually over the three-year period. We then used an ANOVA with Tukey HSD to examine the differences in the means of relative humidity (a higher relative humidity increases u Ã t which decreases dust emission [Nickling and Neuman, 1997; Park and In, 2003] ), wind velocity, and temperature to try and explain any observed differences. Using linear and rank regression, we examined the relative capability of each parameter (derived from remote sensing, vegetation, or gap measurements) to explain the variability between plots and years in the measured Q. To determine the most explanatory model for Q using any combination of vegetation parameters, all the parameters were linearly regressed against Q using all possible regressions, step-wise regression, forward entry regression, and backward regression, using a P value cutoff of 0.01.
Process-Based Modeling: The Okin Model
[22] The goal of wind erosion models is to calculate total horizontal sediment flux (Q) from a limited set of lab and field-measured parameters. A principal challenge in modeling wind erosion on vegetated landscapes is the choice of a vegetation distribution parameter that does not describe shear stress on the surface as homogeneous [Okin, 2005 [Okin, , 2008 . Since 1971, vegetation measurements for wind erosion models have used lateral cover (l) [Marshall, 1971; Raupach et al., 1993; Okin, 2008 ]. Yet, l (i.e., plant area observed in profile) is an imperfect representation of vegetation cover because a few tall plants are treated equally to a greater number of short plants, and field observations demonstrate that Q can be dependent on vegetation distribution Okin, 2008] . Furthermore, l is difficult to calculate because both the frontal silhouette area of vegetation and average footprint per plant are required measurements [Marshall, 1971; Okin, 2008] . The Okin model, on the other hand, uses the full probability distribution of gap sizes scaled by vegetation height as measured in the field [Okin, 2008] .
[23] The model itself is described in detail by Okin [2008] . Briefly, Q U (total horizontal flux at a certain wind velocity U) is modeled using the distribution of gaps downwind of the nearest upwind plants as
where P d (x/h) is the probability that any point is a distance, x, downwind of vegetation of height, h; F g is the fraction of bare ground; and Q U (x/h) is the horizontal flux associated with bare soil at the x/h position.
[24] The reduction in shear velocity associated with a plant spacing of x/h is described by an exponential curve as follows:
where u Ã s /u * is the ratio of shear velocity in the presence of plants (u Ã s ) to the shear velocity in the absence of vegetation (u * ), (u Ã s /u * ) x = 0 is the depressed shear velocity in the immediate lee of a plant, and c 1 is the e-folding length expressed in units of height (4.8) [Okin, 2008] . We studied the literature [King et al., 2005] and compared the description of vegetation type and associated values for (u Ã s /u * ) x = 0 with vegetation at our plots. From this analysis, we arrived at the value of 0.2 for (u Ã s /u * ) x = 0 . We then calculated u * (i.e., the law of the wall [see Priestley, 1959] ) as
where U(z) (m s À1 ) is the wind velocity at height z (m) measured at each tower, k = 0.4, D is the displacement height (i.e., 0 so that wind erosion is allowed on vegetated surfaces), and z 0 is the roughness height of bare soil (m) (0.001). In many wind erosion models, z 0 is the roughness height that varies over heterogeneous surfaces related to both plant cover and canopy height. However, in the Okin model, z 0 is the roughness height of bare soil between plants and is considered to be independent of plant parameters. We assume that z 0 defined in this way is the same for all plots. We chose the value because it was the average estimate between the roughness height of bare soil (0.0001 m to 0.0008 m) in arid and semiarid regions using an ERS scattermeter [Prigent et al., 2005] and the roughness height of biological crusts ((0.0006 m to 0.0137 m) in Table 1 of Rodriquez-Caballero et al. [2012] ). We did not independently measure a roughness height ourselves, and we acknowledge that the roughness exhibited by soils will lead to differences n z 0 . We also assume that the variance in roughness length due to soil roughness (z 0 ) is small compared to that imposed by vegetation structure and therefore use the same z 0 for all plots.
[25] Flux at any plant spacing, Q U (x/h) , was calculated by using the formulation by Shao et al. [1993] later modified to include the distance (x/h) from the nearest upwind plant:
where A is a constant equal to one that accounts for the relative availability of sand particles for transport , r is air density at 23.3 C and 1400 m (average temperature over BSNE deployment for three years and average elevation of Owens Valley; 1.01 kg m À3 ), g is acceleration due to gravity (9.8 m s
À2
), u * is the surface shear velocity, u Ã t is the threshold shear velocity of bare soil, and d is set to 0 when (u Ã t > u * ) and 1 otherwise. The units of Q U (x/h) are horizontal mass flux (kg m À1 s
À1
). Finally, Q for all wind velocities were calculated by
which integrates Q U over the full probability distribution of measured wind velocities P d U .
Mechanistic Modeling: The Raupach Model
[26] The Raupach model calculates threshold shear velocity by using the parameter l (i.e., plant area observed in profile) .
where u * is the threshold shear velocity in the presence of vegetation and u Ã t is the threshold shear velocity of the bare soil surface. b is the ratio of the drag coefficient of a single element divided by the drag coefficient of the bare ground. b = 100 and m = 1 because these are the values recommended by Raupach et al. [1993] for flat erodible surfaces. s is the ratio of the basal area to the frontal area of the vegetation, s ¼ A B A P (Table 1 ) [Okin, 2008] .
[27] To incorporate the relationship between l and percent vegetation cover, C, the Raupach model can be reexpressed as
[28] The terms (1 À msl) in equation (8) and (1 À C) in equation (9) each account for vegetation covering part of the surface, thus resulting in greater shear stress on the remaining bare ground [Okin, 2005] . The terms (1 + mbl) in equation (8) and 1 þ bC
in equation (9) account for the partition of some of the shear stress onto the vegetation and away from the soil surface.
[29] By combining equations (6) and (9) and using the u Ã t field , we solved for Q Raupach as follows:
Model Comparison
[30] We used the Okin model to calculate the total horizontal aeolian sediment flux at each plot using a uniform u Ã t (0.56 m s À1 ) (Q Uniform ) and a u Ã t estimated using data collected separately at each plot (Q Okin ) ( Table 2 ). The uniform u Ã t value was chosen based on published values (Table 3 ), suggesting that a u Ã t of 0.56 m s À1 was an appropriate average value for alkali meadow in Owens Valley. We compared modeling results to measured Q (Q field ) (Table 2 ) from the deployed BSNE stems by using a nonparametric ANOVA. We measured u Ã t at each plot separately using equation (1) and recalculated Q using the Okin model (QOkin). We also calculated Q using the Raupach model (QRaupach) for each plot, using u Ã t field. To determine whether the Okin model predicts Q better than the Raupach model at our plots, a nonparametric ANOVA was performed in R between the QOkin, QRaupach, and Qfield. In all statistical analyses, we used a critical P value of 0.01 to determine significance.
Results
Comparing 2008, 2009, and 2010 Data
[31] The seven different vegetation parameters (Table 4) Reynolds et al. [2007] note that dust emission suppression only occurs during heavy rainfall, but the largest average event in Owens Valley was only 0.003 m during BSNE deployment in 2008. Although 2010 had the lowest amount of precipitation during BSNE deployment of the three years, we do not believe that rainfall influenced changes in Q greatly. Therefore, compared with 2008 and 2009, the summer of 2010 exhibited a higher average wind velocity, greater number of days with high winds, low humidity, and on average colder temperatures.
Empirical Relationship Between Q field and Vegetation
[32] We combined the field measurements (Q field and each vegetation parameter) for all years (i.e., 2008, 2009, and 2010) and analyzed the vegetation parameters against Q field, but this did not result in any vegetation parameter explaining greater than 50% of the variation in Q field using a critical P value of 0.01. Therefore, we analyzed vegetation parameters from 2008 and 2009 separately from vegetation parameters from 2010 against Q field (Table 4) . We felt this was justified by the differences in Q field in 2010 apparently driven by drier, colder, gustier conditions. The vegetation parameters from 2008 and 2009 analyzed independently against Q field only resulted in one parameter (scaled gap size, L=h ) explaining greater than 50% of the variation in Q field (adjusted R 2 = 0.56; P < 0.001) (Table 4 and Figure 2d ). The vegetation parameters from 2010 analyzed independently against Q field did not result in any parameters explaining greater than 50% of the variation in Q field (Table 4 ). The most commonly used vegetation parameter in aeolian research, l, did not explain any variation in Q (2008 and 2009: adjusted R 2 < 0.001; P = 0.76 and 2010: adjusted R 2 < 0.001; P = 0.44) ( Table 4 ). The combined 2008 and 2009 empirical model that explained the most variation in Q field (58 %) contained the vegetation parameters, average gap size ( L) (P < 0.001), and scaled gap size ( L=h) (P < 0.001) (adjusted R 2 = 0.58; P < 0.0001), and took the following form:
[33] The strongest relationship between q(z) (i.e., the sediment amount in the BSNE stem trap at each height divided by deployment time) and
L=h was found at traps 
Model Results
[34] The means of Q Uniform and Q field were significantly different (P < 0.001). Q Uniform resulted in an overestimate at a majority of plots, but one plot (plot 12 in 2010) exhibited an underestimate (Table 5 ). Eighteen plots had Q Uniform (Table 5) values that were greatly overestimated (Table 5) . These plots had a larger average L=h value than other plots (Tables 2 and 5) .
[35] Mean Q Okin and mean Q field were not significantly different (P = 0.02) (Table 5 ). However, the Okin model seemed to overestimate Q for plots located in the mid-valley (plots 7, 9, and 11). The overestimate of Q in the mid-valley might be mechanistically related to strong cross-valley winds [Raab and Mayr, 2008] , which could lead to soil armoring in larger gaps (i.e., an elevated u Ã t ). Mean Q field , and mean Q Raupach , differed (P = 0.005), and the means were also different between Q Okin and Q Raupach (P < 0.001). Minimum values for Q Raupach and Q Okin were 0 g m À1 s
À1
; these values were less than the minimum Q field value of 2.59 Â 10 À9 g m À1 s
. Maximum values for Q Raupach and Q Okin were 1.03 Â 10 À8 g m À1 s À1 and 1.69 Â 10 À5 g m À1 s
, respectively. The maximum value for Q field was 1.94 Â 10 À6 g m À1 s
, thus closer to the Q Okin maximum value. Plot by plot, Q Raupach , values were generally less than Q field values.
[36] To explore the behavior of Q Okin with increasing L=h, we ran the Okin model using some hypothetical parameter sets. We held % bare soil constant at an average value of 64% and varied u Ã t from 0.2 m s À1 to 0.6 m s À1 while also varying L=h across the range measured at our plots (1.9 to 10). Results of this exercise demonstrated the non-linear behavior of Q with increasing L=h (Figure 4) . A linear relationship between Q and L=h (such as seen in Figures 2d  and 4 ) crosses successive lines of constant u Ã t . Across a larger range in L=h than measured at our plots, we observed that if u Ã t is held constant at 0.56 m s À1 , Q increases exponentially until
L=h equals 20 at which point, Q increases at a decreasing rate. 
Discussion
[37] Many of our plots have experienced periods of groundwater pumping, contributing to the decline of alkali meadow grasses and replacement by shrubs [Elmore et al., 2006] . Given previous work that describes the impacts of groundwater pumping on vegetation cover and the cover of perennial grasses in particular [Elmore et al., 2003 [Elmore et al., , 2006 , we interpret the relationships that we observe between field-measured total horizontal aeolian sediment flux (Q field ) of the BSNE stems for 2008 and 2009 and vegetation structure (known to be caused in part by land use change) (Figure 2) . The Q field is comparable to other values of Q in similar environments (Minqin, China [Dong et al., 2010] , and Chihuahaun Desert Playas [Bergametti and Gillette, 2010] ). Although horizontal transport and dust emission are not always correlated, Gillette et al. [1997] showed a relationship between horizontal flux and vertical flux at the Owens Lake, which exhibits similar soils to those found at our plots. This combination of evidence supports the idea that dust emission is occurring at our plots. Plots with intact, continuous grass cover, or taller shrubs with small inter-shrub spaces each exhibited small scaled gap sizes and generally reported the lowest Q (Figure 2d ). Groundwater depth is known to influence both the cover of alkali meadow grasses [Elmore et al., 2006] and the formation of puffy ground, through evaporation of solute-rich soil moisture Elmore et al., 2006] . Most research has focused on Owens Lake as the source of dust emission to the valley [Goudie and Middleton, 1992; Cahill et al., 1996; Gill, 1996; Reheis, 1997 Reheis, , 2006 ; however, as indicated by Figure 2 , the wind erosion from the vegetated portion of the valley floor can be considerable.
[38] The l parameter has been used in wind erosion research since Marshall [1971] and has been included in shear stress partitioning models and models of wind erosion 
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with roughness elements Marticorena and Bergametti, 1995; Musick et al., 1996; Wolfe and Nickling, 1996; Marticorena et al., 1997; Dong et al., 2001] . However, l parameter was not correlated with Q at our plots (Table 4) . We attribute this to the inability of l to quantify differences between plots with many small roughness elements from plots with few large roughness elements (e.g., compare plots 1 and 10). Several of the other vegetation parameters were likewise not correlated with Q (Table 4) because like the l parameter, they explained the quantity but not the distribution of roughness elements on the landscape. Scaled gap size, L=h, on the other hand, was correlated with Q field (Table 4 and Figure 2 ). The success of L=h as a vegetation parameter is due to its ability to describe the heterogeneous distribution of vegetation (e.g., mixture of shrubs, grass, and bare soil gaps) and the amount of sheltered bare soil (i.e., reduced shear wake zone) behind the vegetation [Okin, 2008] . The relationship between L=h and Q in empirical and process-based models is important in understanding wind erosion in groundwater-dependent meadows.
[39] The most explanatory empirical model predicting Q (equation (11) L=h ; R 2 = 0.56 and parameters: L=h and L ; R 2 = 0.58). This might occur because together L and L=h help draw out the differences between grass-dominated and shrub-dominated plots. Extending measurements of L=h and the relationship in Figure 2 and equation (11) to estimate Q of other sites in the Owens Valley or elsewhere should be done with extreme caution as variations in soil and vegetation characteristics are more likely to influence this relationship. Where appropriate, Q derived from the described empirical relationships could be used to help managers target areas susceptible to wind erosion. This approach would be valid under the assumption that u Ã t and wind fields are the same for all plots.
[40] The Raupach model estimated lower Q values than measured in the field due to the inability of lateral cover to appropriately characterize the vegetation structure at our plots. To obtain Q values from the Raupach model that match Q values obtained from the field, the u Ã t of bare soil would have to be lower than both values found in the literature (Table 3) as well as those estimated in the field. However, field measures of u Ã t show values similar to literature cited values at comparable plots (Tables 2 and 3 ). The Okin model does a better job at predicting Q in vegetated landscapes because it represents the distribution of vegetation cover, recognizing that large soil gaps can produce Q despite significant vegetation cover. The mean Q Okin and mean Q field were not significantly different (P of 0.02; Table 5 ). However, the mean Q Unifrorm and Q field were significantly different ( Table 5 ), indicating that a single value of u Ã t estimated from literature across this study site is insufficient to characterize the inherent spatial variability. Further, where individual plots reported different Q Okin and Q field , we generally observed a diversity of soil surfaces (salt crusts, packed clay, etc.) and gap sizes (e.g., a few large gaps), suggesting that a single u Ã t value for the entire plot might not be appropriate.
[41] The Okin model predicts that as L=h increases, the Q response resembles a sigmoid growth pattern. Over the range in L=h observed at our plots, a linear relationship between L=h and Q can only be achieved if the u Ã t increases with increasing L=h (Figure 4) . In other words, our data support the idea that in this study area, as gaps increase in size, they become increasingly resistant to wind erosion and form streets . As vegetation cover is diminished in and around gaps, the longer wind fetch enables the erosion of an increasing area leading to increased dust emissions. However, as gaps increase in size, the edges of the gaps maintain loose, easily erodible soil. These observations support our understanding of groundwater influences on Q [Elmore et al., 2008] ; plots with larger gaps usually have deeper groundwater [Elmore et al., 2006] , and groundwater depth has been found to be inversely related to dust emissions, at least for playas [Reynolds et al., 2007] . Although u Ã t is higher in streets, these areas have the ability to produce large amounts of horizontal flux due to a large fetch , causing saltation and dust emission along the length of the street and burying and damaging vegetation on the periphery of the street [Okin et al., 2009] , leading to increased bare soil area. This study has shown the utility of the Okin model and the measurement of L=h to be important in modeling aeolian transport in complex vegetation. L=h and Q increase linearly for our plots as in Figure 2d (dashed line). One explanation is that u Ã t increases with increasing L=h , perhaps through wind erosion and surface armoring.
[42] The results from this study are applicable to any environment with sparse vegetation and high wind velocities, but vegetated coastal dunes might be one of the more interesting comparisons. Unvegetated surfaces are seldom found in coastal aeolian environments, but vegetation cover can be spatially variable and dependent on disturbance history [Alcantara-Carrio and Alonso, 2002] . Therefore, coastal dune stabilization depends on vegetation cover change [Levin et al., 2006] , and the degree to which vegetation moderates wind erosion [Fulbright et al., 2006] . Wind erosion models that include vegetation parameters such as percent cover and mean vegetation height to characterize vegetation have been effective in modeling these processes [Buckley, 1987; AlcantaraCarrio and Alonso, 2002; Levin et al., 2006] , suggesting L=h and the Okin model might provide beneficial information in vegetated coastal dune environments.
[43] There are many interesting uncertainties remaining to be investigated, including quantifying the impacts of grazing and other disturbances and understanding the source and consequences of spatial and temporal variability in model parameters influencing Q. Grazing is known to increase the bare soil area and decrease grass height [Nash et al., 2004] . Grazing animals also disturb soil crusts enabling wind erosion, particularly along frequently used paths [Belnap, 1995] . We saw little evidence that inter-plot variation in grazing intensity influenced vegetation structural differences between our plots and therefore did not attempt to quantify the effect of cattle. This being said, the interpretation of our results does not depend on an understanding of the causes of vegetation structural differences between plots, only on their magnitude and on the relationship between vegetation structure and estimates of Q. Therefore, the most difficult disturbance to incorporate are those that increase the transport of sediment to our plots from locations outside the range of our transects, which extended 50 m from each BSNE stem. For example, it cannot be ruled out that activity on local roads (many of which are unpaved) or off-road all terrain vehicle (ATV) activities had an impact on our measurements and model success [e.g., Belnap, 1995] . In Owens Valley, ATVs are permitted on dirt roads located within 500 m of our plots, and roadwork (grading, paving, etc.) is ongoing in many areas. Although it would be hard to measure the impact of these dust sources on measurements of Q at our plots, it is possible they lead to temporal or spatial variability in the success of empirical and mechanistic models to predict Q.
[44] Further refinements to the models used here will likely require a more detailed representation of spatial and temporal variability in model parameters (e.g., u Ã t , in particular) and Q. Although we found that measurements of Q were not sensitive to the placement of BSNE stems in 2008 and 2009, the placement in 2010 might have contributed to the increase in Q observed at some plots. This possibility brings into question several assumptions we made regarding the spatial and temporal variability in model parameters. For example, a single value of u Ã t was used at each plot, yet we commonly observed loose soil at the edges of gaps in the vicinity of vegetation indicating a range in values exists. Likewise, vegetation structure was measured only at BSNE stem deployment, which does not account for vegetation structural changes throughout the growing season. Finally, we only measured u Ã t and Q in the summer, potentially missing significant changes in soil condition and Q during winter (31% of Q events as measured from MET stations). During BSNE stem deployment, wind velocity at 0.5 m exceeded u Ã t an average of 60% of the time in 2009 at the two southern MET stations. During 2010, wind velocity exceeded u Ã t at our plots an average of 75% of the time at the two southern MET stations, which might explain the greater Q observed in 2010 at some plots. However, this comparison of wind velocity at 0.5 m and u Ã t does not take into account the sheltering effect of vegetation. In combination, these unmeasured factors call for work that incorporates spatial and temporal variability in model parameters into models of Q. The strongest empirical model found here explained 58% of the variation in Q, leaving considerable variability for measurements and approaches for estimating Q.
Conclusions
[45] Determining which vegetation parameter best relates to Q is important, both for understanding the mechanics of wind erosion models and for using these models to manage for soil stability. In this study, scaled gap size better explained Q than other vegetation parameters including lateral cover, the vegetation parameter most widely used in wind erosion modeling (Table 4) . Adding an additional vegetation parameter, gap size, slightly increased the prediction of Q (from 56% to 58% variance explained; equation (11)). These two vegetation parameters are easily measured in the field, therefore offering land and resource managers a useful option when assessing the potential wind erosion at any site. The scaled gap size in particular appears to be a useful metric in systems impacted by disturbance processes that decrease inter-shrub grass cover.
[46] Wind erosion models that use scaled gap size instead of lateral cover are more successful in predicting Q in areas of heterogeneous vegetation. The Okin model, using scaled gap size, better predicted Q field than the commonly used Raupach model, using l (Table 5) , suggesting the Okin model should be used where vegetation cover is spatially heterogeneous. However, predictive capability of the Okin model using a single average u Ã t for all plots (0.56 m s À1 ; Table 3 ) overestimated Q (Table 5) , demonstrating the importance of knowing u Ã t at each plot. Further, across our study plots, u Ã t correlated with bare soil area, which is consistent with the idea that soil surfaces in large gaps become more resistant to erosion over time. Practical applications of the Okin model might use a range of u Ã t values to produce a range of potential Q values, or attempt to parameterize u Ã t as a function of bare soil area. Further, modeling work might benefit by taking into account within-plot variability in u Ã t . For example, u Ã t could be varied based upon gap size and position within a gap.
[47] Natural resource managers can use both the Okin model and simple empirical models to target management actions in alkali meadow vegetation. Wind erosion causes reduced soil fertility that is unfavorable to vegetation reestablishment [Belnap and Gillette, 1998; Li et al., 2007; Elmore et al., 2008] eventually forming streets and areas of reduced fertility McGlynn and Okin, 2006] . Continued disturbance of vegetation in Owens valley, for example, has the potential to cause the formation of streets, elevating u Ã t as bare soils become more common and allowing for a longer fetch for saltation and dust emission, thus burying and damaging plants and creating more bare soil area [Okin et al., , 2009 . Understanding the interaction of soil resources, groundwater depth, and vegetation structure may illuminate whether wind erosion promotes these positive feedbacks eventually leading to desertification, increased dust emissions, reduced air quality, and associated human health problems.
